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Summary
During cellular proliferation, themother nucleus divides into
two daughters, each carrying a full complement of chromo-
somes and capable of driving the next cell cycle. Mitotic
chromosome segregation must be coordinated with remod-
eling of other nuclear components, including the nuclear en-
velope (NE) and the non-membrane-bound nucleolus. Here,
we show that in the fission yeast Schizosaccharomyces
japonicus, which breaks and reforms the NE during mitosis
[1, 2], the evolutionary conserved LEM-domain protein
Man1 promotes equal partitioning of the nuclear mem-
brane, nucleolar remodeling, and efficient inheritance of
the nuclear pore complexes (NPCs) by the daughter nuclei.
Analyses of man1 mutants and results obtained using an
artificial chromatin-nuclear pore tether suggest that Man1
may exert its function by linking the NPCs to segregating
chromatin. By integrating the partitioning of the nuclear
membrane and nucleolar material with chromosome segre-
gation, cells build two nearly identical copies of the original
nucleus.Results and Discussion
The nuclear envelope (NE) in the fission yeast Schizosacchar-
omyces japonicus (S. japonicus) ruptures in late anaphase and
reassembles following mitotic exit [1, 2]. During anaphase, the
nuclear pore complexes (NPCs) exhibit redistribution toward
spindle poles prior to NE breakage [1–3]. Imaging of mitotic
cells expressing GFP-tagged histone H3 (H3-GFP) and
Nup85-mCherry revealed that NPC redistribution during
anaphase coincided with segregation of the bulk of the chro-
matin (Figure 1A; see Figure S1A available online, n = 20 cells).
Photoconversion of the Dendra-labeled nucleoporin Nup189
at the nuclear equator indicated that the NPCs marked by
the converted protein moved toward the mitotic poles and
were incorporated into the daughter nuclei (Figure 1B, n = 10
cells). During anaphase, the chromosome ends visualized
through the telomere-binding protein Taz1 (Figure S1B), local-
ized at the edge of the NPC-rich NE domain (Figure 1C, n = 10
cells).
One pair of the chromosome arms segregated late in
anaphase, following NE rupture (Figure 1A). The chromatin-
binding high-mobility group protein Nhp6 exhibited a pro-
nounced enrichment at the distal regions of the lagging
chromosome arms (Figure S1C and [2]). A small cluster of3Present address: Randall Division of Cell and Molecular Biophysics, New
Hunt’s House, King’s College London, Guy’s Campus, London SE1 1UL, UK
*Correspondence: snezhana.oliferenko@kcl.ac.ukthe NPCs was found in the proximity of the lagging telomeres
(Figure 1C, indicated by arrows, n = 10 cells). Since the Nhp6-
labeled chromatin was associated with the nucleolus [2], we
hypothesized that the trailing chromatin strands could carry
the rDNA. We inserted a tandem array of 256 LacO sequences
immediately proximal to the rDNA repeats at the short arm
of chromosome III [4] and labeled these recombinant sites
by coexpressing the LacO-interacting protein GFP-LacI [5].
Confirming localization of Nhp6 to the rDNA, the GFP-LacI
foci separated at the onset of anaphase and localized to
the boundary of the Nhp6-enriched chromatin, proximal to
the spindle poles (Figure S1D). The rDNA arrays remained
embedded in the nucleolus marked by Erb1-mCherry until
late anaphase when they underwent axial compaction, exiting
the nucleolar mass prior to its rapid dispersal (Figure 1D, n = 10
cells).
We wondered whether the NPCs would track individual
anaphase chromosomes. S. japonicus cells deficient in the
spindle assembly checkpoint protein Mad2 (mad2D) exhibited
occasional chromosome loss when treated with low con-
centrations of the microtubule-depolymerizing drug thiaben-
dazole (TBZ) (Figure 1E, upper panel). The chromosomes left
behind the main chromatin masses were always closely
associated with the Nup85-mCherry-marked NPCs (Figure 1E,
n = 12 cells). We also observed the inner nuclear membrane
(INM) protein Man1-mCherry and the endoplasmic reticulum
(ER) marker Tts1-mCherry in close proximity to lagging
chromosomes, confirming that the assembled NPCs rather
than the individual nucleoporins associated with chromatin
(Figure S1E, n = 6 cells; Figure S1F, n = 6 cells).
The LEM-domain proteins organize the chromatin at the
INM, regulating nuclear architecture and signal transduction
[6–12]. The GFP-tagged LEM-domain protein Man1 colocal-
ized with the NPCs and displayed poleward redistribution
during anaphase (Figure 2A, n = 10 cells). Intriguingly, the
anaphase NPC movement was abolished in cells lacking
Man1 (Figure 2B, n = 49 cells; see Figure S2A for kymographs).
Many NPCs failed to incorporate into the daughter nuclei,
formed irregular clusters between the segregated chromo-
somes, and were eventually cleared from the medial cell plane
(Figure 2B, upper panel, 40 of 49 cells). The Dendra-Nup189
photoconversion approach confirmed that a large fraction of
the NPCs remained at the nuclear equator inman1D cells (Fig-
ure 2C, n = 10 cells). In some cases, the mother nucleus
divided into two unequally sized daughters without leaving
membrane material in between (Figure 2B, lower panel, 9 of
49 cells). Mitotic spindle dynamics, including the timing of
anaphase kinetochore segregation in relation to the NE
breakage, remained unchanged (Figures S2B and S2C;
average life of spindle from birth to onset of disassembly
was 12.1 6 2.1 min for wild-type and 11.6 6 1.3 min for
man1D cells; n = 16 cells). Doubling time of log-phase
man1D cultures growing at 30C increased approximately
1.2-fold as compared to the wild-type (130 min versus
108 min for man1D and wild-type, respectively; n = 3, p =
0.000407, two-tailed t test assuming unequal variance).
Using H3-GFP as a marker for chromatin, we observed
varying degrees of chromatin displacement from the nuclear
Figure 1. Nuclear Pores Are Inherited by the Daughter Nuclei and Are Found in Close Association with Chromatin in Mitotic S. japonicus Cells
(A) A time-lapse sequence of thewild-type cell undergoingmitosis. The nuclear pore complexes (NPCs) aremarked byNup85-mCherry, and the chromatin is
labeled by the histone H3-GFP. Late-segregating chromatin strands at time point 4 min 30 s are indicated by arrows.
(B) A sequence of scanning confocal images indicating the dynamics of the Dendra-tagged nucleoporin Nup189 during mitosis before and after photocon-
version. Note that the photoconverted Dendra-marked NPCs (area of photoconversion is shown within a dotted outline) that initially localize to the nuclear
equator move toward the poles of the elongating mother nucleus and are inherited by the daughter nuclei.
(C) A time-lapse sequence of a mitotic wild-type cell, with telomeres labeled by Taz1-mCherry and NPCs labeled by Nup85-GFP. A cluster of the NPCs
remaining in the proximity of the lagging telomeres is indicated by arrows.
(D) The late-segregating chromatin strand is the short arm of chromosome III that carries the rDNA repeats, as shown by this time-lapse sequence of a
wild-type cell expressing the nucleolar marker Erb1-mCherry and the rDNA marker Nhp6-GFP and carrying a LacO array integrated at the site immediately
proximal to the rDNA. The LacO integration site is visualized by GFP-LacI. Note the bright LacO-GFP-LacI dots at the edge of the Nhp6-GFP-enriched
chromatin strands.
(E) A time-lapse sequence of the mitotic mad2D cell treated with low doses of the microtubule-depolymerizing drug TBZ and expressing H3-GFP to mark
chromosomes and Nup85-mCherry to mark the NPCs (upper panel). Magnified images of the lost chromosome surrounded by the Nup85-mCherry-labeled
NPCs at time point 6min 25 s are shown in the lower panel. Scale bars for close-up images represent 2.5 mm. For all panels, themaximumzprojection images
of spinning-disk confocal stacks are shown. Elapsed time is shown in minutes and seconds.
For all images except the lower panel in (E), scale bars represent 5 mm.
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We also compared the spatial distribution of Taz1-marked
telomeres within the nucleus in wild-type andman1D cells, us-
ing GFP-Atb2 to follow microtubule dynamics as an indicatorofmitotic progression. In thewild-type background, telomeres
formed two (or rarely, three) clusters that associated with the
NE until metaphase, when they dissociated from the nuclear
periphery and the Taz1-mCherry signal dispersed into
Figure 2. S. japonicus Cells Lacking the LEM-Domain Protein Man1 Function Exhibit Defects in Chromatin Association with the Nuclear Periphery and
Abnormal Nuclear Pore Dynamics during Anaphase of Mitosis
(A) GFP-Man1 colocalizes with Nup85-mCherry-labeled nuclear pores during mitosis. Note that both markers clear the nuclear equator as anaphase
progresses, as shown in this time-lapse sequence.
(B) The NPCs visualized by Nup85-GFP do not clear the nuclear equator and remain evenly distributed around the NE in cells lacking Man1. Approximately
18% of nuclei (n = 49 cells) divide into two parts (bottom panel).
(C) A sequence of scanning confocal images indicating the dynamics of the Dendra-tagged nucleoporin Nup189 during mitosis inman1D cells, before and
after photoconversion. Note that a large fraction of photoconverted Dendra-marked NPCs (area of photoconversion is shown within the dotted outline)
remain in between the daughter nuclei.
(D) Longitudinal medial sections of the nuclei of wild-type and man1D cells expressing H3-GFP and Nup85-mCherry, obtained by scanning confocal
sectioning and image deconvolution. Included are two examples for man1D genetic background. Scale bar represents 5 mm.
(E) Time-lapse sequence of a wild-type cell throughout mitosis. Telomeres are labeled by Taz1-mCherry, and the NPCs are marked by Nup189-GFP.
Microtubules marked by GFP-tagged a-tubulin Atb2 indicate the mitotic progression.
(F) Time-lapse sequence of Taz1-mCherry Nup189-GFP GFP-Atb2-expressing man1D cell undergoing mitosis. Note that the defect in association of
telomeres with the nuclear periphery in man1D cells is specific to anaphase B.
(G) Time-lapse sequence of a mitotic cell expressing GFP-tagged Man1DHEH mutant as the sole source of Man1 protein. The NPCs are marked by
Nup85-mCherry. Note that similarly to man1D cells, the NPCs are not cleared from the nuclear equator.
(H) A time-lapse sequence of a mitotic cell expressing GFP-tagged Man1(1–488) mutant as a sole source of Man1 protein. The NPCs are marked by Nup85-
mCherry. Note that GFP-Man1(1–488) is enriched at the chromatin and that, similarly to man1D cells, NPCs are not redistributed toward the poles of the
dividing nucleus in this genetic background. Shown are the maximum z projection images of spinning-disk confocal stacks. Elapsed time is in minutes
and seconds. Scale bars represent 5 mm.
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2306individual foci each representing a chromosome arm (Fig-
ure 2E; Figure S2D, n = 8 cells). However, telomeres relocated
to theNE at the anaphaseBonset and reclustered upon forma-
tion of the daughter nuclei (Figure 2E). While the telomeres
were properly clustered and positioned at the NE in interphase
man1D cells, both before and after mitosis (Figure 2F; Fig-
ure S2E, n = 20 cells), they did not reassociate with the NE in
anaphase. Instead, they appeared distributed within the inte-
rior of the elongating nucleus (Figure 2F; Figure S2F). Unlike
in the wild-type case, chromosomes lost from the mitotic
spindle by treatment ofman1D cells with microtubule-depoly-
merizing drug were not tightly associated with the NPCs, sug-
gesting that the mitotic chromatin-NPC association was
largely abrogated in this genetic background (Figure S2G).
Cells lacking the integral membrane nucleoporin Pom152,
known to interact with Man1 in budding yeast [8], also
frequently exhibited NPC anaphase movement defects and
detachment of telomeres from the NE (Figure S2H, 16 of 35
cells). This conclusion was confirmed by confocal z sectioning
showing that telomeres in anaphase were found in close asso-
ciation with NPCs in wild-type, but not inman1D and pom152D
cells (Figure S2I).
Man1 contains an N-terminal helix-extension-helix (HEH)
fold that was suggested to bind DNA [10, 11, 13] and twomem-
brane-spanning stretches separated by the evolutionary
conserved MSC domain (Figure S2J and [13]). Removal of
the HEH domain alone was sufficient to phenocopy the com-
plete man1 deletion. While GFP-Man1DHEH localized to the
NPCs, we did not observe NPC movement to the poles of
the dividing nucleus (Figure 2G, n = 14 cells). Notably, the
C-terminally truncated version of Man1 protein that contained
the HEH fold but lacked the other readily identifiable motifs
was enriched at the compacting chromosomes in mitosis (Fig-
ure 2H, n = 26 cells; Figure S2L). The anaphase redistribution of
the NPCs was also fully abolished in this genetic background
(Figure 2H, n = 26 cells). In both mutants, we observed occa-
sional division of the nucleus into two parts, similar to
man1D cells (Figures S2K and S2M). We concluded that the
LEM-domain protein Man1 supported equal partitioning of
the NE and the NPCs during anaphase, possibly by promoting
chromatin recruitment to the NPCs.
The nucleolus in wild-type S. japonicus cells largely dis-
perses during late anaphase (Figure 1D and [1, 2]). Curiously,
the nucleolus often failed to disassemble fully in man1D cells
with one of the daughter nuclei inheriting more nucleolar
material than the other (Figure S3A, 32 of 64 cells). In many
cases, virtually an entire mother nucleolus partitioned into
one of the daughter nuclei (Figure 3A, 14 of 64 cells). We
have previously shown thatmad2D S. japonicus cells can pro-
ceed through mitosis without the mitotic spindle, undergoing
NE breakdown and reassembly [2]. We used this approach
to analyze nucleolar behavior in TBZ-treated mad2D and
man1Dmad2D cells expressing the nucleolar marker Erb1-
mCherry and the artificial ER marker GFP-AHDL. Indeed, un-
likemad2D cells, in which the Erb1-mCherry fully redistributed
throughout the cellular volume during NE collapse, many
man1Dmad2D cells did not exhibit dispersal of the nucleolar
material (Figure S3B).
In wild-type cells, both rDNA-containing sister chromatids
underwent coordinated axial compaction and exited the
nucleolar mass simultaneously (Figure 3B, upper panel, 22 of
24 cells). Inman1D cells, however, one of the rDNA-containing
chromatids often remained less compacted (Figure 3B, 11 of
26 cells). In such cases, the mother nucleolus failed todisperse; instead it was pulled together with the associated
rDNA array into one of the daughter nuclei (Figure 3B; Fig-
ure S3C). We have occasionally observed a mild delay in
compaction of other chromosome arms in the man1D genetic
background (Figure S3D). Replacement of the wild-type Man1
with either the HEH fold-deficient protein or the C-terminally
truncated version lacking the transmembrane anchors fully
phenocopied the deletion of man1 with respect to nucleolar
behavior (Figures 3C and 3D; Figures S3E and S3F). Since
the nucleolus is thought to remodel in mitosis due to the shut-
down of rDNA transcription [14, 15], our results suggested that
Man1 could regulate nucleolar disassembly possibly by con-
trolling the compaction of the rDNA arrays either directly or
indirectly, by promoting association of mitotic chromatin
with the nuclear periphery.
Since the NPCs appear to cosegregate with chromosomes
and the nuclear membrane area remains constant throughout
mitosis in wild-type S. japonicus cells [2], the mean NPC den-
sity in the NE does not change significantly following formation
of two daughter nuclei (Figures 4A and 4B; see also [1]).
Conversely, we observed a considerable decrease in the
NPC inheritance by the daughter nuclei in the man1D genetic
background, with the mean NPC daughter-to-mother ratio
reduced to w0.6 (Figures 4A and 4B; p = 1.133033 10217,
two-tailed t test assuming unequal variance).
In wild-type S. japonicus, the surface area of each of the
daughter nuclei is approximately half that of the mother (Fig-
ure 4A). Strikingly, while the combined membrane area of the
daughter nuclei did not differ significantly from that of the
mother (89.4% 6 13.5% in man1D versus 95.1% 6 11% in
wild-type cells, n = 30, p = 0.0738, two-tailed t test assuming
unequal variance), the daughter nuclei were often unequally
sized in man1D cells, with a broad distribution of individual
daughter-to-mother nuclear surface area ratios (Figures 4A
and 4C; p = 8.738 3 1025, Kolmogorov-Smirnov test).
To investigate this phenomenon further, we visualized
overall mitotic NE dynamics in wild-type and man1D cells
using the artificial ER marker GFP-AHDL [2]. As suggested
by our previous experiments [2], the anaphase NE rupture
in wild-type cells occurred close to the nuclear equator,
prompting the equal distribution of the nuclear membrane
between the forming daughter nuclei (Figure 4D; 12 of 14
cells). On the contrary, the NE break sites were not restricted
to the nuclear equator in man1D cells (Figure 4D; 11 of 17
cells broke the NE in an asymmetric manner). The size of
incipient nuclei correlated to the breakage position of the
mother (Figure S4A).
Interestingly, the NE rupture in the wild-type S. japonicus
occurred near the telomeres of the chromosome arm bearing
the rDNA arrays (Figure 4E; Figure S4B, n = 12 cells). It tempo-
rally coincided with axial shortening of these chromatin
strands, suggesting that mechanical stress associated with
anaphase rDNA compaction could bias tearing of the nuclear
membrane to the vicinity of attached chromosome ends rather
than elsewhere along the NE. As expected, we did not observe
telomeres close to the randomly positioned NE breakage sites
in man1D cells (Figure 4E; 13 of 17 cells; Figure S4B). Timing
of the NE breakdown did not differ between wild-type and
man1D cells (Figures S2C and S4B), indicating that the equa-
torial chromatin-NE contacts guided rather than initiated NE
breakage.
We wondered whether we could bypass at least some of the
requirements for Man1 in regulating the NE and nucleolar dy-
namics during mitosis. To this end, we constructed an artificial
Figure 3. S. japonicus Cells Deficient in Man1 Function Exhibit Defects in Nucleolar Disassembly during Mitosis
(A) The mother nucleolar mass often segregates into one of the daughter nuclei in theman1D genetic background, as shown by color-composite time-lapse
dynamics of the nucleolar marker Erb1-GFP and the NPC protein Nup189-mCherry.
(B) Time-lapse sequences of wild-type (top panel) and man1D (bottom panel) mitotic cells coexpressing histone H3-GFP and the nucleolar marker
Erb1-mCherry. The color-composite images are shown at the bottom of each panel. Note that the abnormally segregating nucleolar mass in man1D cells
is associated with a poorly compacted chromatin strand.
(C) A color-composite time-lapse sequence of a mitotic cell expressing the nucleolar marker Erb1-mCherry and the GFP-tagged Man1DHEH mutant as the
sole source of Man1 protein. 11 of 18 cells exhibited unequal nucleolar partitioning, and 3 of 18 cells completely failed to disassemble the mother nucleolus.
(D) A time-lapse sequence of a mitotic cell coexpressing Erb1-mCherry and the GFP-taggedMan1(1–488) mutant as a sole source of Man1 protein. 10 of 18
cells showed unequal segregation of nucleolar material, and 4 of 18 cells did not disassemble the nucleolus. Shown are maximum z projection images of
spinning-disk confocal stacks. Elapsed time is in minutes and seconds. Scale bars represent 5 mm.
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domain of Man1 fused to the GFP-binding protein derived
from a llama heavy-chain antibody [16] and mCherry. Intro-
ducing this construct to man1D cells expressing GFP-tagged
nucleoporins could potentially drive recruitment of the
chromatin to the nuclear periphery. When the HEH-GFP-bind-
ing-mCherry construct was coexpressed with GFP-tagged
Nup189, an essential subunit of the Nup84 subcomplex impli-
cated in tethering chromatin at the nuclear periphery [17, 18],
we observed anaphase poleward movement of the NPCs in
the absence of Man1 function (Figure 4F; Figure S4C, n = 10
cells). In line with this, the NPC recovery in the daughter nuclei
was significantly increased (Figure 4G; the mean NPC
daughter-to-mother ratios were 73.8% 6 18.4% versus
55.3% 6 13.5% for the artificial tether and the man1D control
cells, respectively; p = 9.2223 1024, two-tailed t test assuming
unequal variance). Intriguingly, while introduction of the arti-
ficial tether abolished the broad distribution in sizes ofdaughter nuclei observed in man1D cells, the daughters
were on average smaller and incorporated lessmembranema-
terial than the wild-type (Figure 4G; on average, the daughter
nucleus inherited only 33.2% 6 10.5% of the mother nuclear
membrane). This suggested a potential for regulation of
membrane partitioning that was not fully recapitulated in our
artificial system. Interestingly, artificial tethering of mitotic
chromatin to Nup189 also largely rescued abnormal nucle-
olar remodeling associated with man1 deletion, with the
mother nucleolus disassembling in late anaphase (Figure 4H;
Figure S4D; 15 of 22 cells exhibited a fully wild-type-like nucle-
olar remodeling).
Recruitment of chromatin to the INM has been linked to
DNA transcriptional activity, replication, recombination, and
repair as well as signal transduction mechanisms [19, 20].
The resident INM proteins also function during mitosis, from
regulating spindle function and the spindle assembly check-
point to promoting the postmitotic nuclear assembly [21, 22].
Figure 4. Association of Chromatin with the Nuclear Periphery during AnaphaseMay Promote Efficient Inheritance of the NPCs, Nucleolar Remodeling, and
Formation of Equally Sized Daughter Nuclei
(A) Graph summarizing the nuclear membrane surface area (x axis) and NPC inheritance (y axis) in daughter nuclei in relation to the mother nucleus in wild-
type (blue dots) andman1D (red dots) cells. Data were obtained from 30 mother nuclei dividing into 60 daughters. Average fluorescence intensity of Nup85-
GFPwas used as a proxy for NPC density. Note that the wild-type data points are clustered at the intersection of the two dotted lines, indicating that most of
the mother NPCs are divided equally between the daughter nuclei and that the surface area of most daughter nuclei is approximately half that of the mother.
(legend continued on next page)
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2309In S. japonicus, Man1-mediated recruitment of chromatin to
the NPCs appears to coordinate chromosome segregation
with the mitotic partitioning of the NE constituents and
nucleolar remodeling (Figure 4I). Interestingly, chromosomes
detach from the nuclear periphery for the duration of nuclear
division in bothS. cerevisiae andS. pombe [23, 24], suggesting
that chromatin-INM association could be irrelevant and
possibly harmful in cells undergoing closed mitosis. It would
be of interest to understand the mitotic regulation of Man1
function as well as switches governing transitions between
different mechanisms of perinuclear anchoring as cells prog-
ress through the cell cycle.
The nucleolus disperses during mitosis not only in meta-
zoans but also in fungal systems that temporarily lose NE
integrity such as S. japonicus [1, 2] and Aspergillus nidulans
[25]. Failure to properly organize the chromatin and disperse
the nucleolus in anaphase could contribute to the slower
growth rate of man1D cells, possibly due to the negative
effects of inheriting the preassembled mother nucleolus that
was exposed to the cytoplasm following NE breakdown or
the enhanced susceptibility of improperly structured chro-
matin to DNA damage. Our data suggest that recruitment of
chromatin to the nuclear periphery could be sufficient to pro-
mote rDNA compaction and nucleolar disassembly during
anaphase in S. japonicus, although Man1 could also have a
specific role in structuring the rDNA locus [7].
Variant mitoses provide a glimpse into the plasticity of inte-
gral physiological pathways. While many mitotic proteins are
evolutionarily conserved, they may acquire organism-specific
functions through rewiring of their interactor networks or dif-
ferential entraining by the cell-cycle machinery. Alternatively,
a particular context of cellular physiology could simply empha-
size conserved functions obscured in other biological sys-
tems. Regardless of the specific modality applicable to this
case, the NE breakage in S. japonicus may have necessitated
the invention of the anaphase-specific association between
the nuclear pores and chromatin to facilitate the birth of
two functionally identical daughter nuclei. Variations on this
mechanism could function during mitotic partitioning of
nuclear material in higher eukaryotes.Experimental Procedures
Schizosaccharomyces japonicus Strains and Drug Treatment
All strains constructed in the course of this study are listed in Table S1.Wild-
type auxotrophic heterothallic S. japonicus strains [26] were kindly providedTheman1D cells exhibit defects in NPC recovery in daughter nuclei and irregula
labeled by Nup85-GFP in wild-type and man1D cells.
(B) Boxplot showing differences in NPC recovery in daughter nuclei in wild-typ
(C) An empirical cumulative distribution function plot of surface area differenc
Note that lack of Man1 leads to dramatically elevated incidence of daughter p
(D) Time-lapse sequences ofGFP-AHDL dynamics inmitotic wild-type (top) and
the wild-type but often ruptures off-center in cells lacking Man1.
(E) Color-composite time-lapse sequences of Taz1-GFP mCherry-AHDL-expre
the last pair of telomeres is associated with the location of the NE break in anap
broken NE in 7 of 12 cells, with the rest of cells exhibiting one or both telom
detected in cells lacking Man1. Single-plane spinning-disk confocal images ar
(F) Tethering of chromatin to the nuclear pores by coexpressing the GFP-bindin
man1D cells is capable of rescuing poleward redistribution of the NPCs during
(G) Graph summarizing the nuclear membrane surface area (x axis) and NPC
Nup189-GFP man1D (blue dots) and Nup189-GFP man1D cells coexpressing
from ten mother nuclei. Insets: representative images of dividing nuclei labele
(H) Time-lapse sequence of the nucleolar marker Erb1-mCherry in the Nup18
construct. For (D), (E), (F), and (H), elapsed time is in minutes and seconds. Sc
(I) Diagram of progression of mitosis in wild-type (upper panel) and man1D (lobyH. Niki (National Institute of Genetics, Japan). For experiments, cells were
maintained and imaged on yeast extract with supplements (YES) medium.
To depolymerize microtubules completely, we treated cells with 150 mM
TBZ (Sigma T-8904) for 30 min prior to imaging, as described previously
[2]. For partial disruption of spindle dynamics to induce chromosomal
segregation defects, the concentration of TBZ was lowered to 50 mM for
wild-type cells and 25 mM forman1D cells. For details of strain construction,
imaging, and image analysis methods, please see Supplemental Experi-
mental Procedures.
Supplemental Information
Supplemental Information includes four figures, one table, and Supple-
mental Experimental Procedures and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2013.09.057.
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